A. Project Background
Historically. much of the interest shown in f-element ion coordination chemistry has been driven by practical needs to devise separation schemes for lanthanide (Ln) and actinide (An) ions. However, feu of the separations are completely satisfactory, and the basic chemical framework needed to achieve improvements is still poorly developed. As a result. studies of the fundamental aspects of f-element coordination chemistry are still pertinent not only to the evolution of improved separations. but also waste remediation, biological and medical applications of Ln ions, biochemistry of An ion decorporation, and new solid state materials preparations. These areas have, in fact, been highlighted in several reports detailing critical technology needs for the twenty-first century. '
Responding to this need, our group has contributed to efforts to gain an improved understanding of factors that influence Ln and An coordination chemistry in general and solvent extraction processes in particular. Our initial DOE-sponsored research efforts were devoted to the elucidation of the coordination properties of carbamoylmethylphosphonates (CMP) and carbamoylmethylphosphine oxides (CMPO). A brief overview of selected features of these (CMP) (CMPO) ligands is outlined since that work provides a rational foundation for the most recent directions of our group.
In 1963, in a search for improved separation schemes, Siddall"' reported liquid-liquid distribution (D) measurements betw-een highly acidic aqueous solutions of Ce(III), Pm(III), and Am(II1) and organic solutions of CMPs. These studies indicated that bifunctional CMP ligands were superior extractants compared to monofunctional organophosphoryl and organoamide ligands. Subsequent studies by Schulz and coworkers'." and Horwitz and coworkers"-'6 showed that one ligand, (HxO),P(O)CH,C(O)NEt, (DHDECMP). was especially effective for extraction of trivalent Ln and An ions from nitric acid solutions (>2M). However, at that time several troublesome problems with DHDECMP, including cost, preparation, purification, and solution behavior. limited its practical utility. These shortcomings led to attempts to gain a better understanding of the basic electronic and steric influences controlling CMP extractant efficacy.
In particular, McDowell" noted that, in some cases. CMP alkyl group branching provided decreased extractant solubility in water, and increased extractant solubility in alkane diluents, but reduced extraction ability toward Am(II1).
Myasoedov' ' examined additional ligand modifications and concluded that increasing the basicity of the phosphoryl group by substituent group variations, e.g., replacement of RO groups by alkyl or phenyl groups, appeared to increase the extraction capacit]. of the CMP ligand. but decrease the organic phase solubility and selectivity of the extractant. They also claimed that variation of the amide R' group affected organic phase solubility, but not extraction capacity.
Horwitz, and c o~o r k e r s . 
, and PU(NO:),(L)~. They also proposed that, under process conditions (low metal concentration. high extractant concentration), the bifunctional extractants were neutral and bound to the metals in a monodentate mode through the phosphoryl oxygen atom. Spectroscopic data were interpreted to support these Prior to 1982. even less attention was given to elucidating additional detailed molecular features of any extractant complexes. Indeed, this deficiency stimulated our initial studies-in which improved syntheses of bifunctional CMP and CMPO ligands were examined. and solid state structures of molecular coordination complexes were determined. In our investigations. the extraction complexes were necessarily obtained under "metal-loaded'' conditions where the metal ion concentration was significantly higher than encountered in practical extraction processes. The compositions and structures. as determined by solution infrared and NMR techniques and by single crystal X-ray diffraction analyses. showed interesting differences from those deduced from distribution ratio/ligand dependency measurements. In particular. the compositions in the solid state. in several instances. showed fewer CMP or CMPO ligands bonded to the metal, e.g., Ln(N03)3(L)2 with Ln=La-Eu." Ln(N03)3(L)2.(H20) with Ln=Gd-Lu," UO,(NO,),(L)," and Th(NO,),(L),:"
In addition. except for small. late lanthanides. the ligands bonded with a bidentate chelate mode. However. with late (small) Ln(II1) ions. the CMP ligands bonded in a monodentate mode through the phosphoryl oxygen atom. just as deduced from the extraction ;j-47 ' analyses. The C=O donor groups in the amide units were not "silent"; they hydrogen bonded to a metal bound water molecule that completed the inner coordination sphere.
The differences between the compositions and structures determined by sohent extraction and solid state structure anal) ses are important, and the3 reveal that CMP and CMPO extraction complexes are probably very sensitive to solution conditions including dynamic organophosphoryl ligand and water exchange processes. competitive ligand protonation reactions and aqueous phase/organic phase interfacial chemistry. These features in turn are dependent on steric and electronic features in the organic ligands, metal ion coordination numbers and chargehadius ratios, counter ions (e.g,, NO; and C1-), aqueous solution acidity and extraction solvent. In short, the "real-life" solvent extraction systems are complicated at the molecular level, and this makes the rational design of improved extractants an especially challenging task. In fact, the most significant "take-home message" Lrom the extensive efforts to prepare improved CMP/CMPO extractants is that a better understanding of the fundamental coordination chemistry of Ln and An ions is needed. As a result, the primary long term goal of our studies has been to shed inore light on coordination principles for f-element ions. ''-')-
The research objectives during the present grant period were to (1) synthesize new bifunctional and trifunctional chelating ligands, particularly in the class of new phosphonopyridine N-oxides; (2) characterize the structural features of the Ln and An coordination complexes formed by these ligands: (3) determine the extraction efficacy of these ligands; and (4) explore synthetic approaches for formation of dendritic polymers containing phosphoryl terminating groups. Some highlights of recently accomplished and "still-inprogress" research are outlined belom .
B. Project Results

Ligand Design and Coordination Chemistry
a. Phosphonopyridine N,P-Oxide Ligands
During the early development of CMP ligands. SiddaIl'--reasoned that since monofunctional carbonyl and phosphoryl compounds are modest to good ligands for An(II1) and Ln(1II) ions, then compounds containing both functional groups should be even better ligands especially if the3 formed chelate coordination modes on the metals. This proved correct although the efficacy of bifunctional CMP's and CMPO's as extractants we now know arises from the favorable action of several factors in addition to the possible operation of the chelate effect, In an effort to expand upon this early ligand design concept. we explored other donor group combinations on a 113 drocarbon backbone that might produce good chelating ligand systems. We first examined ligands containing P=O and S=O groups and P=O and SO, groups" and found these to be interesting ligands, but ineffective extractants."
We then turned our attention to the development of ligands containing P=O and N -0 groups. Prior io our work there had been a few ieports o f the formation of ligands with P=O groups substituted directly on pyridine rings, but N-oxidation had not been accomplished.4' Briefly, we found that ligands of the general type 1 can be prepared. and their coordination chemistry with f-element ions featured bidentate metal chelation." j2 However, the extraction
behavior of these ligands proved to be more like simple monofunctional phosphine oxides instead of like CMPO 1igands.j' We then set out to prepare the potentially tridentate ligand 2. All efforts to obtain this ligand failed although the pyridine derivative 3 was isolated and characterized. Unfortunately, the coordination chemistry of 3 revealed no evidence for formation of bidentate or tridentate chelates with Ln(II1) ions or UO? . Instead. the ligand was found to act as a bridging ligand. During the current grant period, the molecular structures of several compounds containing 3 in the bridging condition w-ere determined, and a view of the UO;'(3)(NOi), complex (H atoms omitted) is shown here. Molecular modeling o f 1-3 was also undertaken. and it was observed that w-hen R is sterically large, these ligands experience significant steric congestion when the donor groups are positioned in a manner that favors bidentate or tridentate chelation. The failure to obtain 2 led us to initiate efforts to prepare ligands 4 and 5 . It was reasoned that the added CH, group spacer between the pyridine ring and P=O bonded to the Ln(II1) ions in a bidentate fashion as shown here for Pr(II1) (H atoms omitted).
The fact that 4 completely displaced NO; from the inner coordination sphere in the 4: 1 complex is very unusual for a neutml ligand. Further, it was found that 5 formed 1:l complexes with Ln(II1) ions, in which the ligand bonded in a tridentate fashion and all NOT ions remuined bonded to the metal in the solid state. With additional ligand aLailable. 2:l complexes formed in which two tridentate ligands bonded to Ln(II1) and two KO; ions were displaced to the outer coordination sphere. A view of one of these complexes is shown here (Ln = Pr). These observations led us during the current grant period to study additional aspects of the synthesis and coordination chemistry of derivatives of 4 and 5.
C
Our initial syntheses of 4 and 5 with R=Ph involved C1 displacement from the respective chloromethyl pyridines utilizing KPPh2.6' The syntheses provided good yields. but careful attention to [ p w w 2 -1 synthetic detail was required. This included use of very dry solvents and inert atmosphere techniques. Since we needed relatively large amounts of these ligands for coordination chemistry and extraction studies during the current grant period. we sought alternate synthetic routes. This effort has been successful, and the new approaches fcr the syntheses of 5 (R = OR and Ph) are summarized belou.
Sa
Ligands 5a and 5b are now available in large, multigram lots in >70% yield and the syntheses have been replicated even by relatively untrained summer undergraduate students working in our laboratory. A similar scheme is now used to make the "one-armed" derivatives 4 in large quantities. The generality of these syntheses has been tested, particularly in the syntheses of mixed alkyl/aryl 5c and substituted ary 1 derivati. These results tentatively confirm our hypothesis" that the coordination "footprints" of 4 and 5 are somewhat adjustable due to the flexibility imported by the CH, spacer group between the pyridine ring and the P=O group. As a result.
depending upon the ionic size of the metal (and hence its polarizing ability) the footprint will adjust to form the most energetically satisfying inner sphere coordination polyhedra and coordination stoichiometries for the particular ion. Some specifics of the variations of nonbonded metrical parameters involving the coordinating 0 atom donor centers are presented in published workh4 and further discussion of this issue is provided in the proposal for new work.
It is noted that in collaboration with M. Nye and D. Clark at LANL we are also studying the coordination chemistry of 5a with Pu(1II). This has been done to gain further insight into the results of our liquid-liquid extraction studies. vide infiu. At this time we have observed that addition of Sa to Pu(II1) initially produces a green complex that slowly converts to a stable. soluble brown complex. Crystals of the brown complex ha\e been obtained. and single crystal X-ray diffraction analjrsis of this complex is underway at LANL. Based upon initial characterization data. we expect that the brown complex is one in which the Pu(1 I) has c52 undergone oxidation to a Pu(1V) species. The likely oxidant is the ligand N-oxide bond. The spectroscopic studies of this system by Ms. E. Bond are continuing at LANL as well.
b. Dendritic Polymers and Related Chemistry
The progress report submitted two years ago outlined our initial attempts to prepare dendritic polymers terminated with monofunctional phosphonates and bifunctional chelating phosphonates. It was our assessment at that time (and still is) that the most interesting contributions would come with use of -NH, terminated dendrimers such as shown below. Our initial attempts to functionalize amino dendrimers employed succinimide coupling chemistry.
H-N -PJ-
Amine terminated starburst dendrimer (G = 1 .O)
We first showed that related coupling chemistry works with simple amines, RNH2;69 however. two problems were encountered with commercial dendrimers. First. the commercial samples (generation 2 or higher) were found to be of questi~liahle purity. Second, we could not separate the urea byproduct from the reaction mixtures. Thi; led us to develop our own methodology for the synthesis of small amino terminated dendrimers (generations 0, 1 and 2) and to examine model reactions of phosphonate precursors on small amine model molecules. The former project was completed by the end of the previous grant while the majorit), of the model chemistry has been and continues to be done in the current grant period. We expect to begin to publish this work next Spring, including the first phosphonate functionalized dendrimer preparations. A brief summary of that functionalization chemistry is given here.
Four classes of functionalization reactions between 1 O and 2" amines and phosphonate I ) succinimide addition. 2) ester (phosphine oxide) precursors ha\ e now been examined: aminolysis, 3) RX elimination. and 3 ) Michael additions.
7) Succinimide Additions
A general reaction scheme for this approach on a G=O amine terminated fragment follows. We find that this coupling reaction works exceptionally well for the attachment of CMPKMPO fragments to small 1" and 2" amines. Of particular importance, we find that ethylene diamine, diethylene triamine, and triethylene tetraamine undergo single substitutions at each terminal NH, group. The ligands have been isolated, purified and characterized. Obviously it is also important to understand how these model molecules behave as ligands before attempting to study the more complex dendrimer system, and coordination chemistry is planned. One attempt has been made to prepare the tris substituted GO dendrimer molecule shown above. The reaction appears to be successful, and we are attempting to remove the urea byproduct (DCU) at this time. This chemistry will be a focus area in the proposal for new work.
2) Ester Amminolysis
The general reaction scheme for this approach on a G=O ester terminated dendrimer fragment follows. This is an '-inside-out" reaction compared to the others since the N-H group is on the phosphonate fragment. We have explored a variety of conditions and R groups for this reaction and find that the chemistry is very sluggish not only on the GO dendrimer, but also on several model esters. This is probably due to a low nucleophilicity for HN[CH,CH,P(0)R,12 6 species. 
3) Alkyl Halide or HX Eliminations
The general reaction scheme for this approach on a model triamine (tren) is as follows. However, in this case HBr elimination is observed, but it is intramolecular on the phosphonate, and the stable vinylphosphonate is formed. When a stronger base .is employed. e.g.. NaH, the desired reaction proceeds at a reasonable rate. As time permits during the remainder of the grant period. we will explore this reaction class to a greater extent.
4) Michael Additions
By far the majority of our effort has been given to this reaction class due to its potential simplicity and generality. The reaction scheme for this approach on a G=O dendrimer fragment follows. Unlike the succinimide additions. these reactions terminate the dendrimer with monofunctional ligand fragments; houever. it is likely that the close proximity of the P=O groups on a N[CH,CH,P(O)R,], terminating group will pro\ ide some chance for bis-P=O group binding on a single metal atom. Admittedly. the chelate ring will be quite large (10 atoms). Although there is a great deal of information yublished on Michael addition chemistry there is very little known pertinent to vinyl phosphonates or phosphine oxides. As a result. over this grant period we have examined fundamental aspects of the reactions of amines with vinyl phosphonates and phosphine oxides. In general. it is found that a combination of amine pKa's and steric factors control the extent of additions to NH; and 1" amines. and in all cases the rates of addition are slower for Ph2P(0)CHCH2 vs. (RO),P(O)CHCH,. In addition, we have studied the reactions of (RO),P(0)CHCH2 and Ph,P(O)CHCH, with a series of diamines. triamines (tren and substituted trens). and other tetraamines, and fifteen phosphonated amines have been isolated and fully characterized. A ftill paper on this chemistrq for a variety of amines will be submitted before the end of the grant period.'" At this time n e ha\e just begun to study the coordination properties of several of these species as models for the dendrimer extensions that will be revisited in the next grant period.
Liquid-Liquid Extraction (L L E) Studies
During the last two years we have devoted a large part of our research effort to characterizing the liquid-liquid extraction properties of 5a toward Pu(II1) and Am(II1) in aqueous HNO, and HC1 solutions. The decision to take on these studies was strongly encouraged by referee comments from the last grant proposal revieu. The extraction studies were performed by graduate student Ms. E. Bond of our group. Ms. Bond was graciously trained by J.R. FitzPatrick at LANL (CST-7). and he provided work space and supplies for her so that these radiochemical studies could be completed. A manuscript describing the results of the Am(II1) extractions from HNO, solutiovu has been submitted for publication,-' and a manuscript involving extractions from HC1 solutions will be submitted in the next few weeks. A brief summary of the key results is provided here.
Initially, we examined LLE's of Pu(I1I) in I-INO, solutions with 5a in CHCl?. The choice of CHClj as the organic solvent was of course not optimum for practical applications: however, 5a is not significantly soluble in the preferred aliphatic or aromatic hydrocarbon diluents. During the course of this study it was noted that at higher acid concentrations (>1M HNO,) a "salting out" or ..third phase" behavior appeared. After considerable investigation of this behavior we temporarily abandoned the Pu(II1) extractions. Following completion of the Am(II1) extractions, vide infra, we returned to the Pu(II1) system. Coordination chemistry studies mentioned in Section 1 suggest that Pu(1II) undergoes slow oxidation in the presence of 5a and the resulting complex, tentatively proposed to be a ligated Pu(1V) species. is insoluble in CHC1,. As a result, we intend in the remaining months to look at the extraction of Pu(I1I) by the pyridine analog 7, which should not oxidize Pu(II1). This ligand may not bind as tightly although '-soft" pyridine-Pu(II1) binding could offspt some of the loss in "hard" binding by the N -0 group of sa. In addition. we will directly emmine the coordination chemistry of 5a with Pu(1V).
The Am(I1I) extractions from HNO, solutions by 5a in CHC1, u-ere well-behaved, and the results were compared with data obtained with the popularly studied CMPO ligand. These results confirm the observations deduced from our coordination chemistry studies62 that 5a provides an exceptionally strong coordination field for trivalentf-element ions.
From a practical standpoint, it is important to know if the metal binding can be reversed. Indeed, back extractions of CHCI; solutions of the extraction complex formed at 1M €€NO3 gave better than 99% recovery of the Am@) when exposed to equal amounts of 0.01M HNO3. Further, repeated extractions and back extractions with the same ligand samples show no long term signs of ligand degradation or loss of binding capacity. These properties are favorable for possible applications in practical LLE separation schemes. " " " '
HN03(M)
The extraction ability of 5a toward A m ( w was also studied as a function of ligand concentration at two acid concentrations, and these data are summarized below. The slope analyses suggest that at the lower acid concentration (0.1M HNO3), a mixture containing a little 1:l L/M complex and a lot of 2:l L/M complex is formed. At the higher acid concentration (1.OM HNO3), the slope of 2.3 is consistent with a mixture of 2:l and 3:l WM complexes. Our solution coordination studies with 5a and Ln(III) ions show that both 1:l and 2:l complexes form and the complex isolated depends upon the amount of ligand provided. We have not isolated a 3:l complex although we did not look for it at the time the coordination studies were in progress. In the absence of steric effects, the strong polar field exerted by the ligand might reasonably be expected to displace the remaining NOS ion in the 2:l complex and form a 3:l complex when the relative ligand concentration is high, as in the case with extraction systems. However, molecular modeling calculations and space filling models suggest that there is not room to place three molecules of 5a bonded in a tridentate mode on an Am@) ion. It may be possible on the other hand to bind a third ligand in a monodentate mode. We will return to these coordination systems in an effort to isolate a 3: 1 complex.
Extractions of Am@) from HC1 solutions by 5a in CHC13 (0.05M) proceed in a generally similar fashion. At low acid concentrations ( 10-3M-lM), the D values are small (-10-4r10-3); however, above 1M HC1 the D values climb rapidly to maximum of -10 at 4M HC1, and then decrease again. 
C. Conclusion
Significant progress was made during this grant period on several projects presented in the last proposal. The ligand desigidsj nthesis efforts and coordination chemistry invol~ing phosphono pyridine N,P-oxides have moved ahead on several important fronts. Most importantly we have developed improved synthetic methods for the "one armed" and the "two armed" tridentate ligands 4 and 5 . We also consider the advances made in characterizing the extraction abilitj of 5a to be crucially important. This nork was not in the proposal since at the time of submission we did not have read) access to the radiochemical facilities at LANL. The opportunity that emerged to do this w-ork was taken advantage of although it resulted in far less attention given to new ligand developments. Some of the previously proposed new ligand development as well as new avenues will be pursued in future studies.
The model chemistry pertinent to dendrimer functionalization has proceeded somewhat slowly but steadily. We have derived two reaction classes that provide good routes to substitute CMP/CMPO fragments and R2P(O)CH2CH2 groups on 1" and 2" amines and extensions to amino dendrimers appears feasible. That work will be pursued in the next grant period as well.
